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During the critical period of mouse sex determination, mesenchymal cells migrate from the mesonephros into the adjacent
developing testis. This process is thought to initiate cord development and is dependent on Sry. The presence of Sry,
owever, does not always guarantee normal testis development. For example, transfer of certain Mus domesticus-derived Y
hromosomes, i.e., M. domesticus Sry alleles, onto the C57BL/6J (B6) inbred mouse strain results in abnormal testis
evelopment. We tested the hypothesis that mesonephric cell migration was impaired in three cases representing a range
f aberrant testis development: B6 XYAKR, B6 XYPOS, and (BXD-21 3 B6-YPOS)F1 XYPOS. In each case, mesonephric cell
igration was abnormal. Furthermore, the timing, extent, and position of migrating cells in vitro and cord development in
ivo were coincident, supporting the hypothesis that mesonephric cells are critical for cord development. Additional
xperiments indicated that aberrant testis development results from the inability of SryM. domesticus to initiate normal cell
migration, but that downstream signal transduction mechanisms are intact. These experiments provide new insight into the
mechanism of C57BL/6J-YM. domesticus sex reversal. We present a model incorporating these findings as they relate to
mammalian sex determination. © 2000 Academic Press
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16.5 days postcoitum when migration occurs in XY gonads
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TThe mammalian gonad primordium develops on the
ventromedial surface of the mesonephros probably via an
inductive interaction between the mesonephros and the
overlying coelomic epithelium (Byskov, 1986). In XY go-
nads, somatic cells originate from at least two sources:
Sertoli and interstitial cells are derived from the coelomic
epithelium (Karl and Capel, 1998) and endothelial, myoepi-
thelial, peritubular myoid (Martineau et al., 1997), and
Leydig cells (Merchant-Larios and Moreno-Mendoza, 1998)
are derived from the mesonephros. In XX gonads, somatic
cells also originate from the coelomic epithelium, but their
fate is unknown (Karl and Capel, 1998). Mesonephric cells
1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. Fax: (207) 288-
078. E-mail: eme@jax.org.26(Martineau et al., 1997).
In mice, the earliest overt sign of testis differentiation is
he appearance of epithelial cords at ;12.5 days postcoitum
dpc), 1 day after peak Sry (sex-determining region, Y
hromosome) expression (Koopman et al., 1990; Hacker et
l., 1995; Jeske et al., 1995). It is thought that Sry, which
nitiates testis development (Koopman et al., 1991), causes
rimordial Sertoli cells to differentiate (Burgoyne et al.,
988; Palmer and Burgoyne, 1991a; Patek et al., 1991;
ovell-Badge, 1992) and these in turn induce the remaining
omatic cells to differentiate into testicular cell types
Lovell-Badge, 1992; Byskov and Hoyer, 1994). Recently, we
etermined that Sry is both necessary and sufficient to
nitiate mesonephric cell migration into developing gonads
Capel et al., 1999). Evidence suggests that migrating mes-
nchymal mesonephric cells induce epithelial testis cord
evelopment (Buehr et al., 1993; Martineau et al., 1997;
ilmann and Capel, 1999).
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27Abnormal Mesonephric Cell Migration and Sex ReversalTransfer of certain Mus domesticus-derived Y chromo-
somes (YDom) onto the C57BL/6J (B6) inbred mouse strain
results in abnormal testis development because of an aber-
rant genetic interaction between the Sry allele and B6-
derived testis-determining, autosomal (tda) genes (Eicher et
al., 1982; Washburn and Eicher, 1989; Eicher et al., 1996).
Different M. domesticus-derived Sry alleles (SryDom) can
cause different phenotypes when present on the B6 back-
ground, and a given Sry allele can cause different pheno-
types on different inbred strain backgrounds (Eicher et al.,
1982; Washburn and Eicher, 1983; Nagamine et al., 1987;
Biddle and Nishioka, 1988). Because mesonephric cell mi-
gration appears to play a critical role in testis development,
we reasoned that defective cell migration might cause
abnormal testis development in B6 XYAKR, B6 XYPOS, and
BXD-21 3 B6-YPOS)F1 XYPOS fetuses, which represent a
ange of abnormal gonad development (Tables 1 and 2 and
ig. 1): Testis cord development is delayed in B6 XYAKR mice
(by ;12 h compared to B6 XYB6 mice) (Washburn and
Eicher, 1983; Burgoyne and Palmer, 1993), is severely com-
promised in B6 XYPOS mice (only 25% of these gonads
evelop any testicular tissue), and is intermediate in (BXD-
1 3 B6-YPOS)F1 XYPOS mice (all gonads develop as ovotes-
es). We used an organ culture assay (Martineau et al., 1997)
o assess the extent and location of mesonephric cell
igration into these fetal XY gonads. In each case, the
iming, extent, and position of mesonephric cell migration
n vitro and testis cord development in vivo were coinci-
dent. These results provide further evidence of a critical
Official designation
(abbreviation)
Y chromosome
origin
Fetal XY g
developm
C57BL/6J-YPOS (B6-YPOS),
N . 46 a
M. domesticus
poschiavinus
75% ovaries,
ovotestes
C57BL/6J-YPOS
TgN(Sry129)4Ei
(B6-YPOS Tg4)
M. domesticus
poschiavinus
XYPOS Tg4 go
develop as
testes
C57BL/6J-YAKR (B6-YAKR),
N . 34
AKR inbred strain
M. domesticus
Delayed test
developme
C57BL/6J-YAKR
TgN(Sry129)1Ei
(B6-YAKR Tg1)
AKR inbred strain
M. domesticus
XYAKR Tg1 go
develop as
testes
BA/2J-YPOS (D2-YPOS),
N . 18
M. domesticus
poschiavinus
Normal teste
XD-21 M. musculus Normal teste
6,129S-GtROSA26
(ROSA26)
M. musculus Normal teste
a N denotes the number of backcross generations to C57BL/6J.Copyright © 2000 by Academic Press. All rightrole for migrating mesonephric cells in testis development
and suggest a short-range inductive effect of migrating
mesonephric cells. Additional experiments suggest that
some SryDom alleles do not initiate a normal mesonephric
cell migration signal when present on the B6 genetic
background; however, the signal transduction mechanisms
downstream of this signal are intact. As a whole, these
results provide insight into the mechanisms of mammalian
sex determination and gonad development.
MATERIALS AND METHODS
Mice and Matings
Table 1 describes the mouse strains used. Consomic strains were
produced by conventional backcrossing methods (Flaherty, 1981).
Table 2 describes matings used to produce fetal gonad and meso-
nephros donors. All other mice were from standard inbred strains.
Fetuses were collected from timed matings: Noon on the day a
vaginal plug was observed was designated 0.5 dpc. Fetuses younger
than 13.0 dpc were staged by counting tail somites posterior to the
hindlimb bud: 10.5 dpc is ;8 tail somites, 11.5 dpc is ;18 tail
somites, and 12.5 dpc is ;28–30 tail somites (Hacker et al., 1995).
Fetuses older than 13.0 dpc were staged by forelimb and hindlimb
morphology (Theiler, 1989). The chromosomal sex of fetuses
younger than 12.5 dpc and experimental fetuses was determined by
analyzing amniotic cells for the presence of an inactive X chromo-
some (Palmer and Burgoyne, 1991b). The chromosomal sex of
ROSA26 and control fetuses 12.5 dpc and older was inferred by the
presence of cords. Presence of an Sry transgene or Y chromosome (if
Comment Reference
Some hermaphrodites are
fertile
Eicher et al., 1982
al
Carries an Sry transgene from
M. musculus
Eicher et al., 1995
d Adult males have normal
testes
Washburn and Eicher,
1983
al
Carries an Sry transgene from
M. musculus
Washburn et al., in
prep.
Adult males have normal
testes
Washburn and Eicher,
unpublished
Recombinant inbred strain
between B6 and D2
Taylor, 1978
Homozygous for ubiquitously
expressed b-gal transgene;
mixed B6 and 129/Sv
background
Friedrich and Soriano,
1991onad
ent
25%
nads
norm
is cor
nt
nads
norm
s
s
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TABLE 2
Matings
28 Albrecht et al.the amnion chromosome preparation gave an ambiguous result)
was determined by PCR analysis (Capel et al., 1999).
Analysis of (BXD-21 3 B6-YPOS)F1 Fetal Gonads
in Vivo
Freshly dissected gonads from (BXD-21 3 B6-YPOS)F1 [hereafter
(BXD-21)F1] fetuses at 14.5–15.5 dpc were examined using an
inverted microscope to determine what percentage develop as
ovaries, testes, or ovotestes (Fig. 1) (Eicher et al., 1982). At these
developmental stages, testicular tissue is characterized by distinc-
tive cords and vasculature, as well as an incipient tunica albuginea.
Ovarian tissue is characterized by a reticular appearance and
absence of an incipient tunica albuginea. Presence of a Y chromo-
some was determined by PCR analysis (Capel et al., 1999).
Organ Cultures and X-gal Staining
The organ culture and X-gal staining protocols followed Martin-
eau et al. (1997). As controls, each experiment included migration-
ositive B6 or (B6 3 D2-YPOS)F1 XYPOS gonads and migration-
egative XX gonads. “Sandwich” cultures were assembled by
lacing B6 XYPOS gonads between ROSA26 mesonephroi and a
ragment of B6 XYB6 gonad. B6 XX gonads induced by B6 XYB6
gonadal tissue were included as controls. For histological analysis,
paraformaldehyde-fixed samples were embedded in Historesin
(Leica), sectioned at 4 mm, and counterstained with nuclear fast red.
Criteria for Scoring Mesonephric Cell Migration
The extent of mesonephric cell migration into each gonad was
assessed “blindly” by two investigators (Figs. 2A–2D) (Capel et al.,
999). Extensive migration throughout was assigned “111”, the
ighest score; extensive migration only in certain regions was
iven “11”, an intermediate score; limited migration was given
Mating Purpose
Gonad donors
B6 3 B6 XYB6 Control
B6 3 D2 XYPOS Control
B6 3 B6 XYAKR Experimental
B6 3 B6 XYAKR Tg1 Experimental
B6 3 B6 XYPOS Experimental
B6 3 B6 XYPOS Tg4 Experimental
BXD-21 3 B6 XYPOS Experimental
Mesonephros donors
B6 3 B6,129S-GtROSA26 Source of marked
migrating cells
C3H/HeSnJ 3 B6,129S-GtROSA26 Source of marked
migrating cellsCopyright © 2000 by Academic Press. All right“1”, the lowest positive score; no migration or presence of few
mesonephric cells was given “2”, a negative score. Obvious
technical failures (e.g., the gonad and mesonephros had not adhered
properly) were excluded.
RESULTS
Mesonephric Cell Migration Is Normal in B6 XYB6
Fetal Gonads and Essentially Normal in (B6 3
D2-YPOS)F1 XYPOS Fetal Gonads
The extent and location of mesonephric cell migration
into fetal gonads was assessed using an organ culture
system in which a b-gal-expressing mesonephros was cul-
tured in apposition to a non-b-gal-expressing gonad. We
previously determined that cell migration into B6 XYB6
gonads is similar to that into CD-1 XY gonads examined as
whole mounts (Capel et al., 1999). These data are included
in Fig. 3A for comparative purposes. Histological examina-
tion of these B6 XYB6 gonads showed that the distribution of
mesonephric cells was also similar to CD-1 XY gonads
(Martineau et al., 1997). Based on these results, we conclude
that cell migration into B6 XYB6 gonads is normal.
We also tested if mesonephric cell migration was im-
paired by the presence of the YPOS chromosome on a
on-sex-reversing genetic background. Although all B6
YPOS gonads develop some ovarian tissue, all (B6 3 D2-
POS)F1 XYPOS gonads develop as normal testes (Eicher and
Washburn, unpublished). Of the 48 (B6 3 D2-YPOS)F1 XYPOS
gonads examined, 41/48 scored 111 or 11 and 7/48
scored 1 (Fig. 3A). The distribution among the positive
lasses was broader than that for B6 gonads. A slight delay
as noted when average mesonephric cell migration was
Testis cord development in
vivo
Mesonephric cell
migration in vitro
Normal Normal
Normal Normal
Delayed Delayed
Normal Normal
Minimal or none (all gonads
develop as ovotestes or
ovaries)
Minimal or none
Normal Normal
Regionally limited (all gonads
develop as ovotestes)
Limited to regions with
testis cords
N/A N/A
N/A N/As of reproduction in any form reserved.
129Abnormal Mesonephric Cell Migration and Sex ReversalFIG. 1. Transmitted light microscope images of fetal gonads with attached mesonephroi. (A) B6 XX ovary, 14.5 dpc. Note distinctive
reticular appearance and absence of cords. (B) B6 XYB6 testis, 14.5 dpc, with cords present throughout. (C) B6 XYAKR testis, 14.5 dpc, with
delayed cord development at both ends (arrows). Cords are developing in the interior of the gonad at a deeper focal plane. (D) B6 XYAKR testis,
5.0 dpc. Cords are present throughout. (E) B6 XYPOS ovary, 14.5 dpc, indistinguishable from XX ovary in (A). (F) B6 XYPOS ovotestis, 14.5
dpc, with ovarian tissue (O) located at the cranial and caudal ends flanking testis cords (T). (G and H) (BXD-21 3 B6-YPOS)F1 XYPOS ovotestes,
14.5 dpc. Both gonads have centrally located cords flanked by ovarian regions.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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30 Albrecht et al.FIG. 2. Range of mesonephric cell migration into control fetal gonads dissected at 12.5 dpc and cultured for 42–48 h. Mesonephric cells
(blue-green) have migrated only into XY gonads and outline the testis cords but are excluded from the interior of cords and the developing tunica
albuginea (arrows in B, C, E). (A) (B6 3 D2-YPOS)F1 XYPOS testis scored as “1”. (B) (B6 3 D2-YPOS)F1 XYPOS testis scored as “11”. (C) B6 XYB6 testis
cored as “111”. (D) B6 XX ovary scored as “2”. (E) Section through gonad in C counterstained with nuclear fast red, 103 (original
agnification). (F) Section through gonad in D, 103 (original magnification). (G) Same section as in E, 403 (original magnification). Note
ell-developed cords surrounded by mesonephric cells. (H) Same section as in F, 403 (original magnification). Note the lack of mesonephric cells.
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31Abnormal Mesonephric Cell Migration and Sex Reversalcalculated and plotted relative to developmental stage (Fig.
4). However, many gonads scored 111 at all developmen-
tal stages and the distribution of b-gal-positive cells was
similar to that observed in B6 XYB6 and CD-1 XY gonads
FIG. 3. Graphic representation of cell migration into normal and
developmental stage of each fetus when gonads were dissected is
gonad–mesonephros complex is represented by a colored circle and
nto B6 XYB6 and (B6 3 D2-YPOS)F1 XYPOS fetal gonads is extensive
delayed in B6 XYAKR fetal gonads, but normalizes by 13.5 dpc.
B6,129-GtROSA26)F1 mesonephroi did not alter the timing or ex
rescues delayed mesonephric cell migration (open red circles). (C
impaired at all developmental stages (filled blue circles) and is res
FIG. 4. Average mesonephric cell migration versus developmen-
tal age in normal and abnormal fetal gonads. The data in Fig. 3 were
averaged by assigning numerical values to each of the four scoring
classes: 2, 0; 1, 1; 11, 2; and 111, 3.Copyright © 2000 by Academic Press. All rightxamined in whole mounts or histological sections (Fig. 2).
hese results indicate that SryPOS does not significantly
disturb mesonephric cell migration when on a non-sex-
reversing genetic background.
Mesonephric Cell Migration Is Delayed in B6
XYAKR Fetal Gonads and Severely Impaired in B6
XYPOS Fetal Gonads
Because testis cord development is delayed in B6 XYAKR
testes (Fig. 1C) and is impaired (Fig. 1F) or absent (Fig. 1E) in
B6 XYPOS gonads in vivo, we tested whether cell migration
into these gonads is impaired in vitro. Ninety-four gonads
from 11.5- to 13.5-dpc B6 XYAKR fetuses were assayed for
their ability to attract mesonephric cells (Fig. 3B). The
percentage of gonads scored as 111 increased when gonad–
mesonephros complexes were assembled using progres-
sively older stages, whereas the percentage of gonads scored
as 2 decreased (Fig. 4). For example, of the 25 gonads
assembled at 11.5 dpc, 14 (56%) scored 1 and 11 (44%)
scored 2. In contrast, of the 23 gonads assembled at 13.0
dpc, 8 (35%) scored 111, 9 (39%) scored 11, 5 scored 1
22%), and 1 (4%) scored 2. Complexes assembled at
ntervening developmental stages were scored with inter-
ediate distributions of the four classifications. Cell mi-
ormal fetal gonads cultured at various developmental stages. The
ated below as tail somite number and dpc (in parentheses). Each
gned a score between 2 and 111. (A) Mesonephric cell migration
l developmental stages. (B) Mesonephric cell migration is initially
stituting (C3H 3 B6,129-GtROSA26)F1 mesonephroi for (B6 3
of cell migration. However, a M. musculus-derived Sry transgene
sonephric cell migration into B6 XYPOS fetal gonads is severely
by a M. musculus-derived Sry transgene (open blue circles).abn
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gration was observed throughout the gonad and was not
obviously regionalized as observed in (BXD-21)F1 XYPOS
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32 Albrecht et al.ovotestes (see below). These results indicate that meso-
nephric cell migration into B6 XYAKR fetal gonads is initially
delayed, but reaches normal levels 24–36 h later.
Cell migration was nearly absent in 71 gonads cultured
from 11.5- to 13.5-dpc B6 XYPOS fetuses (Fig. 3C). Eleven
gonads (15%) contained very few mesonephric cells (scored
as 1), whereas the remaining 60 gonads (85%) contained
essentially no mesonephric cells (scored as 2). Unlike B6
XYAKR gonads, the extent of cell migration did not improve
hen gonad–mesonephros complexes were assembled at
ater developmental stages and cultured. Rather, there was
ome indication that more cells migrated into 11.5-dpc B6
YPOS gonads than into gonads from later stages (Fig. 4). In
contrast to XY controls, cords were not apparent in B6
XYPOS gonads either at the time of dissection or after culture
for 42–48 h. These findings indicate that mesonephric cell
migration is severely impaired in B6 XYPOS fetal gonads.
Mesonephric Cells Are Associated Exclusively with
Developing Testis Cords in (BXD-21 3 B6-YPOS)F1
XYPOS Fetal Ovotestes
If the presence of mesonephric cells is critical for the
development of testis cords, mesonephric cells should be
present only in the regions of an ovotestis that develop
testicular tissue. To test this hypothesis, organ cultures
were assembled using (BXD-21)F1 XYPOS fetal gonads. Pre-
liminary evidence indicated that these gonads always de-
velop as ovotestes. To confirm this, we examined gonads
from 20 (BXD-21)F1 XYPOS 14.5-dpc fetuses. All 40 gonads
ere ovotestes containing distinctive ovarian and testicular
egions (Figs. 2G and 2H). We conclude that all (BXD-21)F1
YPOS gonads develop as ovotestes in vivo.
Cell migration into (BXD-21)F1 XYPOS gonads was signifi-
cantly more extensive than migration into B6 XYPOS gonads
nd appeared to increase at later developmental stages. Of
2 gonads analyzed, only 2/19 at 11.5–12.0 dpc compared to
2/23 at 12.5–13.0 dpc contained significant mesonephric
ells. The remaining 28 gonads contained few, if any,
esonephric cells. Gonads with extensive cell migration
isplayed a range of cell distribution patterns. For example,
ome contained b-gal-positive cells clustered close to the
gonad–mesonephros boundary (Figs. 5A and 5B), whereas
some contained b-gal-positive cells distributed throughout
he central region of the gonad (Figs. 5C and 5D).
Five gonad–mesonephros complexes with extensive cell
igration were sectioned to ascertain the relative positions
f mesonephric cells and testis cords (Figs. 5E and 5F). In
ach case, mesonephric cells were associated exclusively
ith developing cords and the distribution of mesonephric
ells in these regions was similar to that of control XY
onads. Both testis cords and mesonephric cells were lo-
ated primarily in the central region of the gonad where
ords usually develop in ovotestes in vivo (Eicher et al.,
980, 1995). These results indicate: (1) the organ cultureCopyright © 2000 by Academic Press. All rightvotestes, and (3) mesonephric cells have a short-range
nductive effect.
Genetically Hybrid Mesonephroi Do Not Rescue
the B6 XYAKR Mesonephric Cell Migration Delay
As reported above, gonads dissected from 11.5- to 12.5-
dpc B6 XYAKR fetuses were competent to support mesoneph-
ric cell migration, but to a lesser extent than control XY
gonads. Because the ROSA mesonephroi used in the prior
experiments were from (B6 3 B6,129-GtROSA26)F1 mice,
they could be homozygous for one or more B6-derived tda
genes and thus “functionally abnormal.” We therefore
tested mesonephroi from (C3H/HeSnJ 3 B6,129-
GtROSA26)F1 fetuses, which are considered “functionally
normal” because (C3H/HeSnJ 3 B6-YPOS)F1 XYPOS fetuses
evelop normal testes (Washburn and Eicher, unpublished).
There is contradictory evidence as to whether C3H-derived
da genes are functionally normal (Nagamine et al., 1987;
almer and Burgoyne, 1991b; Eales et al., 1996). However,
he differing results probably are due to differences in the
3H sublines and YDom chromosomes used.] Mesonephroi
from 5 11.5-dpc and 10 12.5-dpc (C3H 3 B6,129-
tROSA26)F1 fetuses were tested for their ability to donate
ells to B6 XYAKR gonads. The extent of cell migration was
ot different from that obtained using (B6 3 B6,129-
tROSA26)F1 mesonephroi (Fig. 3B), suggesting that tda
enes do not affect the ability of mesonephric cells to
espond to the gonadal cell migration signal.
B6 XYPOS Gonads Support Extensive Mesonephric
ell Migration and Develop Testis Cords When
rovided with a Normal Mesonephric Cell
igration Signal
Three possibilities can account for the failure of meso-
nephric cells to migrate into B6 XYPOS gonads: (1) the cell
migration signal is defective, (2) cell migration is inhibited,
or (3) a combination of both. To distinguish among these,
B6 XYPOS gonads were provided with a normal cell migra-
ion signal supplied by a fragment of B6 XYB6 gonad placed
n top of the B6 XYPOS gonad (i.e., a “sandwich” culture).
Mesonephric cell migration and testis cord development is
induced in XX gonads if a cell migration signal is provided
from a fragment of XY gonad (Martineau et al., 1997;
Tilmann and Capel, 1999). Extensive and organized cell
migration was observed using gonads from 11.5- to 12.5-dpc
fetuses: 4/12 and 3/15 B6 XYPOS gonads, respectively, scored
111 or 11 (Fig. 6). The remaining 20/27 scored 1. Gonads
scored as 111 or 11 were examined in histological
sections (Figs. 6C and 6D). Cords were consistently ob-
served. Furthermore, the distribution of mesonephric cells
in relation to testis cords was similar to that observed in XY
control gonads.
We also tested if the addition of a Mus musculus-deriveds of reproduction in any form reserved.
Sry129 transgene would restore normal mesonephric cell
migration in B6 XYPOS (Eicher et al., 1995) and B6 XYAKR
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33Abnormal Mesonephric Cell Migration and Sex Reversalmice (Washburn et al., in preparation). Of the 28 gonads
nalyzed from B6 XYPOS Tg4 fetuses at ;12.0–13.0 dpc (Fig.
3C), 17 scored 111, 8 scored 11, and 3 scored 1. Five
gonads from B6 XYAKR Tg1 fetuses at ;11.5–12.5 dpc also
ere assayed: 4 scored 111 and 1 scored 1 (Fig. 3B).
Together, these results suggest that the mesonephric cell
igration signal is defective in B6 XYPOS gonads but the
ability to respond to this signal is intact.
DISCUSSION
Mesonephric Cell Migration Is Adversely Affected
in Abnormally Developing XY Gonads
Migration of mesonephric cells into the developing testis
appears to be critical for testis development and is one of
the earliest responses to Sry expression. Abnormal testis
development in B6 XYAKR, B6 XYPOS, and (BXD-21)F1 XYPOS
gonads results from an aberrant interaction between B6-
derived tda genes and specific SryDom alleles. Mesonephric
ell migration was analyzed in these gonads and in control
6 and (B6 3 D2-YPOS)F1 gonads to determine if migration
was affected by the tda genes.
Mesonephric cell migration was normal in B6 XYB6 go-
nads and essentially normal in (B6 3 D2-YPOS)F1 gonads,
which both develop as normal testes. This suggests that cell
migration in B6 XYB6 gonads is not inherently weak and
that any mesonephric cell migration abnormalities that
occur in B6 XYDom mice are attributable to the combination
of B6-derived tda genes and specific SryDom allele. We did
detect a slight delay in cell migration in (B6 3 D2-YPOS)F1
XY gonads in agreement with previous results showing that
testis cord development was delayed when YPOS was present
n other non-sex-reversing genetic backgrounds (Burgoyne
nd Palmer, 1993; Palmer and Burgoyne, 1991b).
In contrast, mesonephric cell migration was adversely
ffected in the three types of abnormally developing XY
onads and the timing, extent, and location of testis cord
evelopment in vivo corresponded with the timing, extent,
nd location of testis cord development in vitro. In B6
XYAKR gonads, there was a clear temporal correlation be-
ween delayed testis cord development in vivo and delayed
esonephric cell migration in vitro. Moreover, the extent
FIG. 5. Mesonephric cell migration in (BXD-21 3 B6-YPOS)F1 XYP
for 42–48 h. Range of cell migration is illustrated (A–D). Mesonep
Section through gonad in C, 103 (original magnification). (F) Sam
FIG. 6. Comparison of B6 XYPOS gonad versus B6 XYPOS induced
Typical B6 XYPOS gonad scored as 1. (B) B6 XYPOS gonad cultured b
XYB6 gonad. The dashed lines in (B and C) indicate the approximat
(original magnification). (D) Same section as in C showing extens
magnification).Copyright © 2000 by Academic Press. All rightnephric cells arrive in the gonad before cords develop. In B6
XYPOS gonads, severely impaired cord development in vivo
and in vitro correlated with severely impaired cell migra-
tion in vitro. In (BXD-21)F1 XYPOS ovotestes, mesonephric
cells were consistently present only in regions where cords
were developing and absent in adjacent undifferentiated
regions (Fig. 5). The presence of mesonephric cells in
testicular regions that are just beginning to differentiate
implies that these cells arrive prior to the development of
cords, as is predicted if mesonephric cells induce cord
development. These results provide strong support for the
hypothesis that migrating mesonephric cells induce testis
cord development.
Why did no B6 XYPOS gonad develop as an ovotestis in
itro, whereas most (BXD-21)F1 XYPOS gonads did? We favor
he explanation that the separation of the mesonephros and
onad and subsequent in vitro culture temporarily inter-
upts cell migration and gonad development. Because B6
YPOS gonads rarely develop robust testis cords in vivo and
BXD-21)F1 XYPOS gonads usually develop large testicular
egions, the latter would be much more likely to develop as
votestes in vitro.
Abnormal Mesonephric Cell Migration and tda
Genes
Additional experiments tested whether tda genes affect
the ability of (1) mesonephric cells to migrate in response to
the cell migration signal, (2) gonadal cells to develop as
testis cords in response to induction by mesonephric cells,
and (3) SryPOS and SryAKR to initiate normal mesonephric cell
igration signals. The first possibility was excluded be-
ause functionally normal mesonephroi did not increase
he extent of cell migration into B6 XYAKR gonads (Fig. 3B).
This result suggests that the migration defect, and therefore
the effects of the tda genes, are not intrinsic to mesonephric
cells but rather reside in the gonad itself. The second
possibility was excluded because B6 XYPOS sandwich gonads
support extensive cell migration and develop cords in a
manner indistinguishable from XX sandwich gonads (Figs.
6B, 6C, and 6D). This result suggests that the capability to
respond to the inductive influence of migrating cells is
intact. The third possibility seems the most likely and is
al gonad–mesonephros complexes assembled at 12.5 dpc, cultured
cells are confined to regions developing testis cords (E and F). (E)
tion as in E, 403 (original magnification).
dwich culture assembled at ;12.5 dpc, cultured for 42–48 h. (A)
en a (B6 3 B6,129-GtROSA26) mesonephros and a fragment of B6
ndary between the gonads. (C) Section through complex in B, 103
ord development associated with mesonephric cells, 403 (originalhric
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san
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supported by the finding that cell migration was restored in
B6 XYPOS gonads and early stage B6 XYAKR gonads carrying a
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that the SryPOS transcript level also is significantly reduced
compared to an SryM. musculus control (Albrecht, Young, Wash-
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35Abnormal Mesonephric Cell Migration and Sex ReversalM. musculus-derived Sry transgene (Figs. 3B and 3C). This
result suggests that the transgene initiates a normal cell
migration signal, whereas the M. domesticus-derived SryPOS
and SryAKR alleles do not when on B6. Overall, these results
indicate that aberrant testis development is caused by the
inability of the SryDom alleles to initiate a normal meso-
nephric cell migration signal when present on the B6
genetic background. However, the downstream signal
transduction mechanisms are intact. The results further
indicate that the tda genes lie upstream of the mesonephric
cell migration signal.
A Model for Mammalian Gonadal Sex
Determination
We previously presented a model for mammalian primary
sex determination that proposed that testis development is
ensured in XY individuals because the testis-determining
(TD) pathway functions significantly earlier than and inac-
tivates the ovary-determining (OD) pathway (Eicher and
Washburn, 1986). This hypothesis predicts that delayed
activation of the TD pathway will allow the OD pathway to
proceed. On the basis of the results reported here, we add
three refinements to this model: (1) mesonephric cell mi-
gration is an early and necessary part of the TD pathway, (2)
absence of mesonephric cells in a region of an XY gonad
allows activation of the OD pathway, and (3) activation of
the OD pathway precludes activation of the TD pathway.
We previously showed that Sry expression initiates the
signal for mesonephric cell migration (Capel et al., 1999).
According to our model, if Sry transcripts are delayed in
reaching optimal levels, the initial number of migrating
cells would be limited, causing a delay in testis cord
development. However, if the level of Sry expression and
mesonephric cell migration is sufficient to inactivate the
OD pathway, normal testes would develop as in B6 XYAKR
gonads. If Sry transcript levels are severely reduced, the
number of migrating cells would be greatly limited or
absent, causing OD activation and ovarian tissue develop-
ment as in B6 XYPOS or (BXD-21)F1 XYPOS gonads. We
ropose that all (BXD-21)F1 XYPOS gonads develop as ovotes-
tes because the Sry transcript level is sufficient to initiate
imited cell migration but it never reaches the level needed
o populate the ends of the gonad. Therefore, the OD
athway is activated at the ends of the gonads where
varian tissue develops. In B6 XYPOS gonads, we propose
that Sry transcript levels are even further reduced and only
25% of B6 XYPOS gonads receive sufficient mesonephric
ells to populate the central region and these develop as
votestes. In the remaining gonads, few if any cells migrate
n and these develop as ovaries.
This model is consistent with the findings of Nagamine
nd co-workers that expression levels of two SryDom alleles
are reduced when present on the B6 background (SryTIR
more so than SryAKR) (Nagamine et al., 1999). We have foundCopyright © 2000 by Academic Press. All righturn, and Eicher, unpublished).
Nagamine and co-workers (1987) suggest that in 14- to
5-dpc B6 XYAKR gonads the regions we designate as undif-
ferentiated are initially ovarian tissue because these regions
appear similar to what is observed in developing ovaries at
the same age, including the presence of meiotic germ cells.
We favor the interpretation that the presence of meiotic
germ cells results from the lack of testicular cords (see
review by McLaren, 1995). Markers that detect develop-
ment of ovarian tissue before it is histologically obvious
will resolve the difference of interpretation. Regardless of
which interpretation is correct, testis cords do develop at
the ends of B6 XYAKR gonads, probably because Sry tran-
cript levels and mesonephric cell migration normalize.
The hypothesis that activation of the OD pathway inac-
ivates or prevents activation of the TD pathway predicts
hat testis cords will not develop if mesonephric cell
igration is induced into XX gonads after the OD pathway
s activated. In fact, mesonephric cell migration can be
nduced in cultured 11.5- to 16.5-dpc XX mouse gonads
Martineau et al., 1997). However, testis cords develop only
hen migration is induced prior to 12.5 dpc (Tillman and
apel, 1999). This finding implies that in mice, the OD
athway is activated and the TD pathway is blocked in XX
onads at ;12.5 dpc.
This model does not exclude additional mechanistic
efects such as a reduced number of Sertoli cell precursors
nd reduced cell proliferation (Schmahl et al., 2000) from
laying a role in B6-YM. domesticus sex reversal. The molecular
identification of the tda genes and the mesonephric cell
migration signal will greatly increase our understanding of
sex determination, gonad development, and organogenesis.
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